Oxidative stress is one of the causative factors in progression and etiology of agerelated cataract. Peroxiredoxin 6 (Prdx6), a savior for cells from internal or external environmental stresses, plays a role in cellular signaling by detoxifying reactive oxygen species (ROS) and thereby controlling gene regulation. Using targeted inactivation of the Prdx6 gene, we show that Prdx6-deficient lens epithelial cells (LECs) are more vulnerable to UV-triggered cell death, a major cause of skin disorders including cataractogenesis, and these cells display abnormal protein profiles. PRDX6-depleted LECs showed phenotypic changes and formed lentoid body, a characteristic of terminal cell differentiation and epithelial-mesenchymal transition. Prdx6 Ϫ/Ϫ LECs exposed to UV-B showed higher ROS expression and were prone to apoptosis compared with wild-type LECs, underscoring a protective role for Prdx6. Comparative proteomic analysis using fluorescence-based difference gel electrophoresis along with mass spectrometry and database searching revealed a total of 13 proteins that were differentially expressed in Prdx6 Ϫ/Ϫ cells. Six proteins were upregulated, whereas expression of seven proteins was decreased compared with Prdx6
LECs. Among the cytoskeleton-associated proteins that were highly expressed in Prdx6-deficient LECs was tropomyosin (Tm)2␤. Protein blot and real-time PCR validated dramatic increase of Tm2␤ and Tm1␣ expression in these cells. Importantly, Prdx6 ϩ/ϩ LECs showed a similar pattern of Tm2␤ protein expression after transforming growth factor (TGF)-␤ or H2O2 treatment. An extrinsic supply of PRDX6 could restore Tm2␤ expression, demonstrating that PRDX6 may attenuate adverse signaling in cells and thereby maintain cellular homeostasis. Exploring redox-proteomics (Prdx6 Ϫ/Ϫ ) and characterization and identification of abnormally expressed proteins and their attenuation by PRDX6 delivery should provide a basis for development of novel therapeutic interventions to postpone ROS-mediated abnormal signaling deleterious to cells or tissues.
peroxiredoxin; oxidative stress; proteomics; tropomyosin OXIDATIVE STRESS has been identified as one of the major causes of age-related diseases, including cataracts (1, 45, 62, 74 -76, 82) . Oxidative stress-induced etiology and progression of diseases may result either from diminished natural antioxidants such as catalase, glutathione peroxidase, and peroxiredoxins (PRDXs) due to aging or from increased generation of reactive oxygen species (ROS) by exposure to environmental factors, X-rays, chemicals, toxins, and ultraviolet (UV) radiation. Environmental stressors such as these have been heavily implicated in the etiology and progression of several diseases by inducing ROS-mediated oxidative stress.
UV radiation exposure induces several complex sets of acute or chronic responses that can lead to initiation of diseases through overproduction of ROS. ROS modify cellular signaling. Modulation of signal transduction pathways includes changes in gene expression (18) . However, investigation into how the depletion or reduced expression of antioxidants influences cellular signaling is needed. Several recent reports have emphasized the role of antioxidants in maintaining cellular physiology by optimizing ROS levels (6, 21, 41, 88) . The skin and eyes are the organs most exposed to environmental stress, and UV radiation has been proven to generate ROS such as hydrogen peroxide and superoxide ions in the eye lens (83-85, 89, 100 -102) . UV radiation-modulated production of ROS results in degradation, cross-linking, and aggregation of lens proteins and DNA damage and is regarded as an important factor in cataractogenesis (51, 84, 88) . PRDX6 is a relatively newly discovered protective protein (21, 22, 41, 58) . We previously (22) cloned PRDX6 from a human lens epithelial cell (LEC) cDNA library. PRDX6 has both glutathione peroxidase and acidic Ca 2ϩ -independent phospholipase A 2 activity (56, 58) and can protect cells from membrane, DNA, and protein damage mediated by ROS-driven oxidative stress or lipid peroxidation (15, 21, 22, 40, 41, 44, 49, 97, 98) .
PRDXs represent a superfamily of selenium-independent peroxidases that are widely distributed in many major organs, including the lens (22, 41) . The mammalian PRDX family contains six members, PRDX 1-6 (21, 22, 55, 97, 98) . All PRDXs have two catalytically active cysteines, except for PRDX6 (also known as antioxidant protein 2, Aop2), a cytosolic antioxidant protein, which contains only one. In our previous studies, we demonstrated (21, 44 ) the presence of all six known PRDXs in the lens and, more importantly, that PRDX6 was present in significantly higher concentrations than other family members. PRDX6 is classified as a peroxiredoxin based on homology of structure, but its properties clearly differentiate it from other members of the mammalian PRDX family, and the sequence associated with activity of PRDX6 is not present in other peroxiredoxins (56) . Our other previous studies (21, 41) revealed that Prdx6-depleted (Prdx6 Ϫ/Ϫ ) mouse LECs exhibited elevated expression of ROS and were vulnerable to oxidative stress-induced apoptosis. We recently reported (21, 24) that Prdx6-depleted mouse lenses develop cataracts after exposure to oxidative stress. Of interest, cells cultured from these mice had elevated levels of ROS and bioactive transforming growth factor (TGF)-␤ (21) and displayed phenotypic alterations showing differentiation of LECs. Furthermore, the cells had elevated levels of ␣-smooth muscle actin (␣-SMA) and TGF-␤-inducible genes (␤ig-h3), which are factors known to be indicative of cataractogenesis and posterior capsular opacifications after cataract surgery (25, 53, 60, 61) and are indistinguishable from TGF-␤-induced changes.
TGF-␤, a known physiological effecter of various extracellular matrix genes and their products, is present in the aqueous and vitreous humors (90) and has been shown to induce cataracts (28, 29, 52) . Of its three isoforms, TGF-␤1 has been shown to promote tissue fibrosis, formation of stress fiber, epithelial-mesenchymal transition (EMT), myofibroblast formation, fibrosis, and apoptosis by overstimulating genes such as extracellular matrix proteins, ␣-SMA, and ␤ig-h3, which are implicated in several pathogenic conditions (11, 79, 86, 92) . Our previous reports and several other reports have demonstrated that elevated levels of ROS activate TGF-␤ (3, 8, 9) , which subsequently induces oxidative stress (7) . Transcription factors provide a significant target molecule underlying agedependent modulation in gene expression and during oxidative stress or oxidative stress-induced modulation of growth factors. We previously demonstrated (21, 80) that TGF-␤1 downregulated transcriptional factor lens epithelium-derived growth factor (LEDGF) expression and diminished its affinity for DNA during TGF-␤1-induced phenotypic changes and apoptosis observed in human LECs. However, details regarding the wide-spectrum activity of TGF-␤ and its contributions to oxidative stress in cataract formation remain to be clarified.
No study has yet clarified the consequences of deleting Prdx6 at the cellular and molecular levels in the lens with attention to changes in protein expression or conducted proteomic analyses of Prdx6 Ϫ/Ϫ LECs. However, with the recent development of proteome analysis, examination of protein profiles in LECs has become feasible. To identify proteins involved in the direct and indirect response to Prdx6 depletion in LECs (redox state) or the contributions of oxidative stress, we used the relatively new proteomic differential display method fluorescence-based difference gel electrophoresis (DIGE) (91) coupled with matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS).
Here we demonstrate for the first time the differences in the protein profiles of Prdx6 Ϫ/Ϫ and wild-type (Prdx6 ϩ/ϩ ) LECs and their response to UV-B-induced ROS-mediated cellular insults. These findings may support an important role of PRDX6 in regulating gene protein expression and thereby function as a cell savior.
MATERIALS AND METHODS
Generation, characterization, and breeding of Prdx6-targeted mutant mice. The generation, characterization, mating, and analysis of the offspring of Prdx6-targeted mutant mice has been described in detail in previous studies (34, 71, 94) . Briefly, a genomic clone with the 129/SvJ (129) Prdx6 gene was isolated as described previously (71) . Prdx6 Ϫ/Ϫ 129/SvJ mice were then generated at Harvard Medical School under the supervision of Dr. David Beier. These mice are maintained in a fully inbred 129/SvJ background, which minimizes variation due to genetic background. Then to generate Prdx6-targeted mutant mice of 129/SvJ (129) background, chimeric Prdx6-targeted mutants were crossed with 129 mice, and the offspring heterozygous for the Prdx6-targeted mutation were intercrossed to generate mice homozygous for the targeted Prdx6 gene mutation (Prdx6 Ϫ/Ϫ ). This study used Prdx6 Ϫ/Ϫ mutant mice of pure 129 background. Wild-type 129/SvJ inbred mice of the same sex and age were used as controls (Prdx6 ϩ/ϩ ).
Mutant genotypes of Prdx6
Ϫ/Ϫ were confirmed by polymerase chain reaction (PCR) of genomic DNA obtained from the tail (94) . All animals were maintained under specific pathogen-free conditions in the animal house at Harvard Medical School. Mice lacking Prdx6 developed normally. No differences were noted in the body weights of age-and sex-matched adult homo-and heterozygous mutant and wild-type control animals. Microscopic examination revealed no abnormalities in any of the organs and tissues of mutant or control animals (94) .
Culture. Lenses were isolated from seven mice that were 8 wk old, and Prdx6 Ϫ/Ϫ and Prdx6 ϩ/ϩ cell lines were generated and maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS; Sigma, St. Louis, MO) as described previously (21, 84) . For each assay, Prdx6 ϩ/ϩ and Prdx6 Ϫ/Ϫ mouse LECs were first cultured in DMEM containing 10% FBS for 24 h. The medium was then replaced with DMEM containing 10 g/ml bovine serum albumin (BSA) ϩ 2% FBS and incubated for another 24 h, after which the assay was performed. Ϫ/Ϫ cells became elongated and fiberlike, formed cellular aggregates, packed irregularly, and finally aggregated into lentoid formations and underwent spontaneous apoptosis.
All animal experiments were approved by the Committee of Animal Research at the University of Fukui and conducted in accordance with the regulations of the University of Fukui.
UV-B exposure. UV-B light was generated from a 15-W UV-B light source (UVP, Upland, CA). The light intensity was standardized with a UV light meter (UVP). Prdx6 ϩ/ϩ and Prdx6 Ϫ/Ϫ mouse LECs were cultured in DMEM containing 10% FBS for 24 h, and then the medium was replaced with DMEM containing 10 g/ml BSA and incubated for a further 24 h. For UV-B exposure, the medium was replaced with 1ϫ phosphate-buffered saline (PBS) and irradiated with UV-B radiation at 0, 400, or 800 J/m 2 . After 24 -48 h of exposure, experimental assays were performed.
Assay for intracellular redox state. Intracellular redox state levels were measured with the fluorescent dye dichlorofluorescin diacetate (DCFH-DA) as described previously (19, 21, 67) . For the assay, LECs were cultured for 24 h with DMEM-0.1% BSA medium in a 96-well chamber slide after UV-B irradiation at 0, 400, and 800 J/m 2 . The medium was then replaced with Hanks' solution (Sigma) containing 10 M DCFH-DA and incubated for 10 min at room temperature. Fluorescein intensity was measured with a fluorescent photometer.
Cell viability assays and TdT-mediated dUTP-biotin nick end-labeling. To assess apoptotic cell death, a TdT-mediated dUTPbiotin nick end-labeling (TUNEL) assay was performed with an ApoAlert DNA fragmentation assay (Clontech, Mountain View, CA). The percentage of TUNEL-positive cells per 100 cells was assessed from the number of Hoechst-stained (Molecular Probes, Eugene, OR) nuclei identified in six different fields of each slide in each group. The number of surviving cells in each group was assessed via a cell viability assay using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS; Promega, Madison, WI) as described previously (19, 21, 41, 47) .
Protein extraction and fluorescence labeling. The cell pellets were incubated for 15 min in a lysis buffer containing 20 mM Tris·HCl, 7 M urea, 2 M thiourea, and 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) (pH 8.6). Protein extracts from LECs obtained from Prdx6 ϩ/ϩ and Prdx6 Ϫ/Ϫ mice were labeled with Cy3 or Cy5. An internal pool was generated by combining equal amounts of extracts from each cell type; this pool was labeled with Cy2 dye and was included in all gel runs.
Differential two-dimensional electrophoresis and gel image analysis. Samples were run with commercial immobilized pH gradient strips (pH 4 -7; 7 cm and 13 cm long) for isoelectrofocusing and a readymade 10 -20% gradient sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) for the second dimension. A preparative gel containing 800 g of each protein was run and stained with Coomassie brilliant blue (SeePico CBB; Benebiosis, Seoul, South Korea).
Proteins were visualized with a fluorescence scanner (Typhoon Trio; GE Healthcare, Fairfield, CT), and images were processed with Progenesis PG240 software v2006 (Nonlinear Dynamics, Newcastle, UK).
Protein identification by MS. Forty-two differentially expressed protein spots of interest were excised from the gel and subjected to tryptic digestion in accordance with a previous protocol. Briefly, proteins were first destained (1 mM ethylenediaminetetraacetic acid, 25 mM ammonium bicarbonate, 50% acetonitrile) and then reduced (10 mM dithiothreitol) and alkylated (55 mM idoacetamide). After drying, the gel pieces were incubated with modified bovine trypsin (Roche, Basel, Switzerland) at a final concentration of 20 ng/ml in 25 mM ammonium bicarbonate for 16 h at 37°C. After incubation, tryptic peptides were collected and treated with ZipTip (Millipore, Billerica, MA) according to the manufacturer's instructions. For the MALDI study, the extracted peptides were concentrated by SpeedVac, avoiding complete drying, and then spotted on a MALDI target plate (Prespotted AnchorChip, Bruker Daltonics, Billerica, MA). MALDI-TOF MS analysis of the samples was carried on a mass spectrometer (Autoflex, Bruker Daltonics) in positive ion reflector mode. For peptide mass fingerprinting identification, the tryptic mass maps were transferred with MS Bio Tools (Bruker Daltonics) as input to search the National Center for Biotechnology Information (NCBI) database with Mascot software (Matrix Science, Boston, MA).
Western blot analysis. Protein lysates of Prdx6 ϩ/ϩ and Prdx6
mouse LECs were prepared in ice-cold radioimmune precipitation buffer, and Western blot analysis was performed as described previously (41, 43, 44, 48) . The membranes were probed with anti-Prdx6 monoclonal antibody (Ab) (LabFrontier, Seoul, South Korea), anti- tropomyosin (Tm) monoclonal Ab (TM311) (Acris Antibodies, Hiddenhausen, Germany), and anti-␣-SMA monoclonal Ab (Sigma). Anti-␤-actin monoclonal Ab (Sigma) was used to show that equal amounts of protein were loaded in each lane.
Real-time PCR. To monitor the levels of Prdx6 and Tm in Prdx6
ϩ/ϩ and Prdx6 Ϫ/Ϫ mouse LECs, total RNA was isolated with the RNeasy Mini Kit (Qiagen, Valencia, CA) and real-time reversetranscribed PCR was performed as described previously (41) . We used 20ϫ predeveloped murine Prdx6 probe mix and murine Tm1␣, Tm2␤, vimentin, ubiquinol-cytochrome c (Uqcrcp1), mitochondrial ribosomal protein S22 (MrpS22), thioredoxin domain containing 5 (Txndc5), serine protease inhibitor, clade B, member 6a (Serpinb6a), and TGF-␤1 probe mixes (Applied Biosystems, Foster City, CA) for real-time PCR. The relative quantity of each mRNA was obtained with the comparative threshold cycle (C t) method and normalized with predeveloped TaqMan assay reagent ribosomal RNA as an endogenous control (Applied Biosystems). In each group, the C t values of the target genes were normalized to the levels of ribosomal RNA used as an endogenous control. The ⌬C t for each gene was calculated as described previously (46) . One-factor ANOVA was used for statistical analyses.
For treatment with TGF-␤1 (R&D Systems, Minneapolis, MN), control (Prdx6 ϩ/ϩ ) mouse LECs were treated with DMEM containing 0 -10 ng/ml TGF-␤1 for 24 h.
Prokaryotic expression of recombinant Prdx6 protein. The human immunodeficiency virus (HIV)-trans-activating transduction (TAT)
domain has 11 amino acids (YGRKKRRQRRR) and 100% potential for intracellular delivery of proteins across the plasma membrane and the blood-brain barrier (10, 41, 59, 66, 73) . In the present study, we took advantage of the ability of the TAT domain to infiltrate cells and used the recombinant TAT-linked Prdx6 protein.
The cDNA encoding the open reading frame of Prdx6 was isolated from the human LEC cDNA library as described previously (22) . To prepare TAT-HA-PRDX6 constructs, we followed the method described by Dowdy and coworkers (78, 93) , and expression and purification of TAT-HA-PRDX6 fusion proteins were performed as described in our previous study (41) .
Immunohistochemistry and F-actin staining. Prdx6
ϩ/ϩ and Prdx6 Ϫ/Ϫ LECs became elongated and fiberlike, formed cellular aggregates, and packed irregularly (Fig. 1B) . Furthermore, these cells frequently detached and underwent spontaneous death. Surprisingly, lengthy incubation of these cells in culture (Ն48 h) resulted in greater cell aggregation and adoption of a lentoid shape (4, 5) . Figure 1B is a photomicrograph taken after 96 h. However, although these differences were obvious in cells cultured in complete medium, the Ϫ/Ϫ -deficient cells, which are highly vulnerable to UV-B radiation exposure, undergo apoptosis. Cells were cultured in DMEM ϩ 10% fetal bovine serum (FBS) in 60-mm petri dishes. The day after culturing, cells were exposed to UV-B radiation (800 J/m 2 ). After a 24-h recovery period, cells were stained with either TdT-mediated dUTP-biotin nick end-labeling (TUNEL; A, top) or Hoechst (A, bottom) and photomicrographed. A significant number of apoptotic cell deaths were seen in Prdx6 Ϫ/Ϫ cells (A, b and d) . B: % of apoptotic cells/100 Hoechst-stained nuclei. *P Ͻ 0.04, **P Ͻ 0.001.
changes were not as distinguishable in cells cultured under serum depletion conditions (data not shown). This discrepancy may be attributed to the presence of catalase in serum. Interestingly, these morphological changes in Prdx6 Ϫ/Ϫ LECs were quite similar to those observed in transdifferentiated and fibroblastic LECs in anterior subcapsular cataracts and posterior capsule opacifications after cataract surgery.
Several previous studies have emphasized that ROS-induced TGF-␤ expression is a culprit that induces abnormal changes in LECs, in turn leading to cataractogenesis (21, 41, 63, 90) . We therefore believe that the cells derived from Prdx6 Ϫ/Ϫ mice are a suitable model for studying the mechanism involved in the etiology and progression of cataractogenesis.
Increased vulnerability to UV-B radiation, increased ROS expression, and apoptosis in Prdx6
Ϫ/Ϫ LECs. We initially measured ROS level to determine whether UV-induced cell death in LECs is associated with elevated ROS level. Prdx6-depleted and wild-type LECs were exposed to UV-B radiation at 0, 400, and 800 J/m 2 . After a 24-h recovery period, we conducted quantization by the H 2 DCFH-DA method and confirmed an elevated level of ROS in Prdx6 Ϫ/Ϫ cells ( Fig. 2A ) compared with wild-type LECs. Furthermore, we noticed a significant decrease in cell survival for Prdx6-depleted cells (Fig. 2) , indicating that these cells are more susceptible to UV-B stress. These results reveal a direct correlation between cell survival and ROS level and suggest that UV-B exposure induces cell death through elevated ROS levels. However, it should be mentioned that DCF fluorescence is not specific for H 2 O 2 , and other oxidants such as peroxynitrite, O 2 Ϫ , and NO may also oxidize DCH 2 to DCF. DCF fluorescence may thus reflect overall oxidative stress in cells (21) .
To determine whether UV-B exposure induces apoptotic cell death, we performed Hoechst staining and a TUNEL assay. Cells were first photomicrographed and analyzed. Typical apoptotic nuclei (Fig. 3A) were observed in Prdx6 Ϫ/Ϫ LECs (Fig. 3A, b and d) . On the basis of percentage of TUNEL-positive cells/100 Hoechst-stained nuclei, we observed more apoptotic cell deaths in Prdx6 Ϫ/Ϫ LECs (Fig. 3B ) than in Prdx6 ϩ/ϩ LECs. These data indicate that cells lacking Prdx6 undergo apoptosis on exposure to UV-B radiation. In contrast, wild-type Prdx6 ϩ/ϩ cells were resistant to UV-B radiation, demonstrating the protective role of PRDX6. However, in light of the finding that PRDX6-depleted LECs contain elevated levels of ROS and are thereby highly susceptible to UV-B-induced ROS-mediated oxidative stress, several reports have noted that elevated expression of ROS is a common signal in different cell pathways, indicating the complex relationship between ROS levels and cell death (21, 30, 31, 87) .
Differential distribution of proteins detected with DIGE. Prdx6-depleted cells lose their bona fide phenotypes and are more susceptible to damage induced by environmental stress. Several recent reports have documented the pivotal role of Prdx6 in controlling cellular signaling by optimizing ROS expression, enabling the enzyme to function in cellular differentiation, proliferation, and cytoprotection. To examine the abnormal changes that occur in cells lacking Prdx6 (21, 23, 41, 94) , we examined the pattern of protein expression in Prdx6
LECs with a proteomics approach.
Prdx6 ϩ/ϩ and Prdx6 Ϫ/Ϫ LEC lysates were prepared and labeled with fluorescent dyes. Image analysis of fluorescently labeled lysates loaded together on two-dimensional gels showed differing distribution patterns between protein expressions on comparison of Prdx6 Ϫ/Ϫ and Prdx6 ϩ/ϩ LECs (Fig. 4) . Protein spots that were decreased or increased Ͼ1.5-fold were selected for MALDI-TOF identification. Approximately 920 spots were detected on the large gel (13 cm) (Fig. 4A) and 320 on the small gel (7 cm) (Fig. 4B) . Forty-two spots were differentially expressed (Ͼ1.5-fold change; P Ͻ 0.05 on ANOVA analysis) and analyzed with MALDI-TOF MS. Thirteen proteins were identified from the NCBI database search with Mascot software (Matrix Science). Among the 13 altered proteins, expression was increased for 6 proteins and decreased for 7 proteins in Prdx6 Ϫ/Ϫ LECs ( Table 1 ). PRDX6 protein expression provides an internal control for comparative proteomic analysis (Table 1) . Proteins with dramatically elevated expression included cytoskeleton proteins, Tm2␤, and vimentin ( Table 1 ). The increased abundance of these proteins may be related to the phenotypic abnormalities of Prdx6 Ϫ/Ϫ LECs. Protein PRDX6 is involved in detoxifying (21-23, 37, 38, 41) ROS and is the most sensitive marker of a LECs in green and Cy5 for Prdx6 ϩ/ϩ LECs in red) were subjected to 2-dimensional (2D) gel electrophoresis. Fluorescence was scanned, and the derived images were superimposed with pseudocolors in the dyes. Proteins that are up-or downregulated in Prdx6 Ϫ/Ϫ cells compared with Prdx ϩ/ϩ LECs are represented by red (up) and green (down) spots, whereas proteins that are equally abundant in both samples appear yellow. The full range of the horizontal axis is from 4 (left) to 7 (right) pH units, and the full range of the vertical axis is from ϳ10 (bottom) to ϳ100 (top) kDa. A: superimposed images from Cy3-and Cy5-labeled samples in the large gel (13 ϫ 13 cm). Arrows and spot numbers (see Table 1 ) indicate significant upregulated (red) or downregulated (green) proteins present in Prdx6 Ϫ/Ϫ LECs vs. Prdx6 ϩ/ϩ LECs. B: enlarged area from a small (7 ϫ 7 cm) 2D-SDS gel showing Prdx6 Ϫ/Ϫ (left) and Prdx6 ϩ/ϩ (right) LECs. Protein spots that were decreased or increased Ͼ1.5-fold were selected for matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) identification. Mr, molecular weight ratio. redox cellular state (14, 35) as well as being involved in defense against ROS-generated lipid peroxidation-induced damage (23, 41) .
Elevated expression of Tm1␣ and -2␤ protein in Prdx6
Ϫ/Ϫ
LECs validated by one-dimensional Western blot analysis.
To confirm the results obtained in the proteomic study, we selected Tm1␣ and Tm2␤ proteins, which were increased in Prdx6 Ϫ/Ϫ LECs (Fig. 5A) , as well as ␣-SMA (Fig. 5B) as a positive control for EMT of LECs. Proteins corresponding to isoforms from Tm1␣ and Tm2␤ genes and ␣-SMA protein were overproduced in the Prdx6 Ϫ/Ϫ LECs (Fig. 5, A and B) . We then determined whether cells isolated from the lenses were indeed LECs. A protein blot using the ␣A-crystalline Ab confirmed the presence of ␣A-crystalline, a specific marker of LECs, in both Prdx6 Ϫ/Ϫ and Prdx6 ϩ/ϩ LECs (data not shown). ␤-Actin Ab was used to confirm equal sample loads (Fig. 5C) . A protein blot using Prdx6-specific Ab revealed the absence of PRDX6 protein in Prdx6 Ϫ/Ϫ LECs (Fig. 5D ). We then performed immunohistochemistry tests using antiTm monoclonal Ab (TM311), which recognizes isoforms from Tm1␣ and Tm2␤ genes in Prdx6 ϩ/ϩ and Prdx6 Ϫ/Ϫ LECs (Fig. 6 , A and B, respectively). It is known that Tm binds to actin, including F-actin. F-actin was double-stained with fluorescein phallotoxin. We observed induction of Tm1␣/2␤ protein and actin stress fibers in Prdx6 Ϫ/Ϫ LECs (Fig. 6, D-F) , suggesting that depletion of Prdx6 is involved in the formation of stress fibers, which stabilize actin filaments and thus reduce cell motility and growth (12, 26, 92) . These results are suggestive of Prdx6's role in maintaining cellular integrity. Further investigation is required to clarify whether Prdx6 depletion alters protein integrity or induces posttranslational modification.
Increased expressions of Tm2␤ and other related gene mRNA in Prdx6
Ϫ/Ϫ LECs at transcriptional level. To estimate the transcriptional levels of Tm1␣, Tm2␤, Vimentin, Uqcrcp1, Mrps22, Txndc5, and Serpinb6, which are up-or downregulated in proteomic analysis, we measured the mRNA expression of Tm1␣, Tm2␤, Vimentin, Uqcrcp1, MrpS22, Txndc5, and Serpinb6a transcripts in Prdx6 Ϫ/Ϫ LECs by real-time PCR analysis (Fig. 7) . The results showed that the level of Tm2␤ mRNA was extremely elevated in Prdx6 Ϫ/Ϫ LECs compared with wild-type cells (Ͼ120-fold). However, we also noted a significant increase in expression of Tm1␣, Vimentin, Uqcrcp1, and MrpS22 and a significant decrease in expression of Txndc5 and Serpinb6a (Fig. 7) . Tm isoforms are known to be responsive to TGF-␤s (7, 92) . Both we (21, 46) and others (63, 90) have previously reported that TGF-␤s are factors in the development of cataracts. Furthermore, we have reported (21) that ROS induce TGF-␤ activation and expression. To determine whether TGF-␤1 mRNA expression is increased in Prdx6 Ϫ/Ϫ LECs (redox state), real-time PCR analysis using a specific primer revealed that the level of TGF-␤1 mRNA was significantly increased in Prdx6 Ϫ/Ϫ LECs compared with Prdx6
LECs (Fig. 7) , suggesting that the increase in Tm isoforms in Prdx6 Ϫ/Ϫ may be ROS mediated.
Induction of Tm isoform transcripts in Prdx6-depleted LECs associated with TGF-␤.
TGF-␤ induces phenotype alteration, expression of ␣-SMA, and apoptosis in many cell types that in turn leads to pathophysiology of tissues, including the lenses. To test whether TGF-␤ is indeed involved in induction of Tm isoform transcripts, we utilized wild-type LECs and treated them with variable concentrations of TGF-␤1 (0, 1, 5, and 10 ng/ml) for a predefined duration. We found that Tm1␣ and Tm2␤ mRNA were significantly modulated by treatment with 5.0 or 10.0 ng/ml of TGF-␤1 in Prdx6 ϩ/ϩ LECs (Fig. 8) , suggesting the role of TGF-␤ in regulation of Tm isoforms. These observations suggest that TGF-␤-induced stress fiber formation and EMT of cells may be associated with induction of Tm1␣ and Tm2␤ in LECs.
Restoration of Tm2␤ transcripts with TAT-HA-Prdx6. We investigated whether addition of PRDX6 could attenuate the abnormal expression of proteins in Prdx6 Ϫ/Ϫ LECs with Tm2␤ (overstimulated). RNA was isolated from TAT-HA-PRDX6-treated or untreated Prdx6 Ϫ/Ϫ LECs as described previously (41) . Results of real-time PCR are shown in Fig. 9 . After incubation with TAT-HA-PRDX6 for 96 h, the overstimulated expression of Tm2␤ mRNA was significantly reduced in Prdx6 Ϫ/Ϫ LECs (Fig. 9) . These results support our hypothesis that reduced expression of PRDX6 in cells due to aging or environmental stress is a cause of tissue pathophysiology and support the role of PRDX6 in controlling gene expression by optimizing ROS. (Fig. 10) . We measured mRNA expression of Tm1␣ and Tm2␤ transcripts by real-time PCR analysis (Fig. 10, A and B, respectively) . Levels of Tm1␣ and Tm2␤ transcripts were significantly elevated in Prdx ϩ/ϩ LECs after incubation in 0 and 100 M H 2 O 2 for 120 and 168 h compared with untreated controls. Furthermore, Tm1␣ and Tm2␤ protein expression was also significantly elevated in Prdx ϩ/ϩ LECs incubated in 0 and 100 M H 2 O 2 for 120 and 168 h compared with untreated controls (Fig. 10,  C and D) .
DISCUSSION
In the present study, we investigated the cytoprotective role of PRDX6 against UV-induced LEC insults and the effect of deficiency of this molecule on protein expression profiles. Our experimental data using Prdx6 Ϫ/Ϫ and Prdx6 ϩ/ϩ LECs as a model showed that UV-B radiation exposure enhanced ROS levels in Prdx6-depleted LECs, rendering these cells more susceptible to death and inducing apoptosis (Fig. 2) . The skin and eyes are the organs most exposed to UV radiation from the sun, toxic chemicals, and pollutants. Environmental factors such as these have been heavily implicated in the etiology and progression of several cellular and tissue-related diseases due to malfunctions of cellular organelles and damage to biomolecules by ROS-driven oxidative stress (21, 41, 94 ). ROS Ϫ/Ϫ LECs. The mouse monoclonal Tm Ab (TM311) detects the amino terminal exon 1a of the Tm1␣ and Tm2␤ genes and is therefore able to detect recombinant Tm1, -2, -3, and Br-1 (27, 77) . Although Tm1 and the ␤-isoform (36 kDa) from Tm2␤ gene (A, a) protein were not detected in Prdx6 ϩ/ϩ LECs, they were detected in Prdx6 generated by cells are tightly regulated by antioxidants to maintain their expression at physiologically tolerable levels (36, 38, 39) . However, reduced expression or activity of natural antioxidants such as catalase, glutathione peroxidase, superoxide dismutase, and thioredoxins due to aging or environmental stress may alter optimal expressions of genes and proteins involved in maintaining cellular homeostasis. UV irradiation is generally acknowledged to generate ROS, including hydrogen peroxide and superoxide ions (2, 64) . Furthermore, several studies have already reported UV irradiation-induced cataractogenesis (2, 6, 64, 83-85, 89, 100 -102) . Thus Prdx6 may protect LECs against UV-B-induced cell damage by reducing ROS.
In our previous study (21), we found that lenses from Prdx6-depleted mice were more susceptible to oxidative stress and developed opacity in the superficial cortex after exposure to hydrogen peroxide or paraquat. Several recent reports have shown that Prdx6-depleted cells are more susceptible to death in the presence of oxidative stress and internal stress, (21, 41, 94) suggesting that Prdx6 is crucial for cell survival. In the above scenario, we hypothesize that reduced expression of Prdx6 is a cause of cellular damage and impaired homeostasis against UV-B radiation in the lens, potentially leading to cataractogenesis. The crucial role of Prdx6 in cellular stress response is further evidenced by the morphological changes seen in Prdx6-depleted LECs and their increased vulnerability to UV-B radiation-induced cell death. However, humans often develop cataracts upon aging; a recent report has shown that Prdx6 expression decreases with age and abundance is significantly reduced in cataractous lenses (68) . Furthermore, as seen in Fig. 1 , deficiency of Prdx6 in LECs induces phenotypic changes, including proliferation of fibroblastic, elongated, lentoidshaped cells, characteristic of cellular differentiation. Most impressive is that changes similar to those in Prdx6 Ϫ/Ϫ LECs have also been observed in wild-type LECs undergoing TGF-␤-induced changes (54, 63) , and these cellular abnormalities were able to be reversed after administration of Prdx6 (21, 41) .
Given the findings of this and previous studies, we hypothesize that Prdx6 expression is crucial to preventing the development of ROS-mediated abnormalities in the eye lens. Furthermore, Prdx6 deficiency leads to abnormal expression of genes and phenotypic changes in LECs; this inability of other cellular enzymes to maintain cellular homeostasis in its absence underscores the importance of Prdx6.
Prdx6 differs from other antioxidant enzymes because of its unique antioxidant defense function. Prdx6 protects cells by removing ROS (GSH peroxidase activity), thereby controlling survival signaling and maintaining cellular membrane integrity by optimizing phospholipid turnover (phospholipase A2, aiPLA2 activity) (23, 57) . The results of the present study are consistent with recent studies conducted with Prdx6-deficient keratinocytes, endothelial cells, and LECs, revealing that PRDX6 is essential to maintaining cellular function (21, 41, 50, 94) .
ROS-induced damage to cells is related to ROS-driven abnormal signaling, which overstimulates TGF-␤-mediated signaling (21, 41, 67) and in turn leads to overmodulation of gene expression of genes such as ␣-SMA and ␤ig-h3, implicated in cataractogenesis as well as other pathophysiological disorders of cells and tissues (21, 63, 90) . We hypothesize that this mechanism is likely behind the development of cataractogenesis specifically, and other diseases in general. This hypothesis was supported by proteomic analysis of Prdx6 Ϫ/Ϫ cells, which revealed elevated expression of cytoskeleton proteins such as Tm1␣ and Tm2␤ (Figs. 4 -6 ). Using DIGE coupled with MALDI-TOF, we identified several LEC proteins that were modulated in response to the depletion of Prdx6 (Fig. 4 , Table 1 ). Levels of cytoskeletal proteins, Tm2␤, and vimentin were increased more than sixfold in Prdx6 Ϫ/Ϫ LECs over Prdx6 ϩ/ϩ LECs. Surprisingly, while expression of Tm2␤ mRNA and proteins was extremely low in Prdx6 ϩ/ϩ LECs, expression was abnormally high (Ͼ120 times) in Prdx6 Ϫ/Ϫ LECs and localized in stress fibers (Fig. 6) . Furthermore, using anti-Tm monoclonal Ab (TM311), we determined that isoforms from the Tm1␣ gene (36 kDa) were also increased in Prdx6 Ϫ/Ϫ LECs (Fig. 7) . Tm is composed of nearly 40 closely related proteins generated from 4 different genes through alternative splicing (70) . The balance between Tm isoforms present in a given cell determines the specificity of Tm functions (13) . In nonmuscle cells, Tm is involved in the formation and stabilization of stress fibers and protection of existing fibers (17) . The optimum expression of Tm has been suggested as extremely important for cellular integrity, and decreased expression of Tm has been shown to contribute to tumorigenesis (92) . In this respect, Tm appears to function as a tumor suppressor and is tightly regulated. However, Tm regulation in cells under oxidative stress may be disrupted because of overactivation of TGF-␤, as in Prdx6 Ϫ/Ϫ cells. Tm isoforms belong to a multigene family of actin-binding proteins. Oxidative stress-induced remodeling of the actin cytoskeleton increases actin polymerization and reorganization into stress fibers (32) . In the present study, we demonstrated for the first time overstimulated expression of Tm2␤ and Tm1␣ in cells with elevated levels of ROS in Ϫ/Ϫ LEC. *P Ͻ 0.000, **P Ͻ 0.0008, ***P Ͻ 0.005, †P Ͻ 0.05, ‡P Ͻ 0.001. 
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Ϫ/Ϫ LECs and Prdx6 ϩ/ϩ LECs after addition of H 2 O 2 . This overexpression may lead to abnormal reorganization and intense membrane blebbing in LECs that may alter dramatically the cellular integrity, as seen in Fig. 1 .
Focal adhesions are sites of adhesion where the membrane and extracellular matrix and the membrane and cytoskeleton meet. These organizations provide a bridge allowing stress fibers to anchor to the membrane and integrins (24) . Previous studies have shown abnormal activation and deactivation of the signaling pathway in response to increased levels of ROS; focal adhesions do not assemble and polymerized actin generated through the SAPK2/p38 pathway is unable to bundle into stress fibers (33) . We therefore surmised that abnormalities in LECs are associated with abnormal expression and improper organization of these cytoskeleton proteins, ultimately leading to impaired focal adhesion and resulting in abnormal cellular phenotypes and apoptosis (Figs. 1 and 3) .
Our proteomic experiment coupled with Western blot analysis using Prdx6 Ϫ/Ϫ LECs extracts revealed ROS-mediated overshooting of cellular signaling, which resulted in severe defects in normal cellular physiology, particularly in expression of cytoskeleton and extracellular matrix proteins. (Figs.  1-4 and 6 ). The actin cytoskeleton plays a fundamental role, including maintaining cell morphology, division, motility, and organelle and vesicle trafficking. Dysregulation of proteins such as Tm isoforms, which are involved in regulating actin dynamics, should be a major indicator of altered cell behavior and likely disease (17, 96) . The various nonmuscle Tm isoforms are recognized and grouped into high (ϳ34 -40 kDa, such as Tm1, Tm2, Tm3, and Tm6)-and low (ϳ28 -32 kDa, such as Tm5)-molecular-mass forms (95) . Using Prdx6-deleted cells, we demonstrated in the present study for the first time that Tm is involved in differentiation or EMT of LEC. Altered expression of Tm isoforms derived from both the Tm␣ and Tm␤ genes (Figs. 4 and 5, Table 1 ) in mouse LECs suggests that these isoforms are involved in the phenotypic alteration of Prdx6-depleted LECs. Most importantly, a supply of TAT-HA-PRDX6 should be able to reduce Tm2␤ (Fig. 9) . Prdx6 Ϫ/Ϫ LECs exhibit increased sensitivity to oxidative stress, and changes observed in PRDX6-depleted LECs involved increased ROS levels (Fig. 2) . ROS activate TGF-␤, which is an inducer of oxidative stress and cataract development (21, 28, 52) . LECs from Prdx6-depleted mice have elevated levels of ROS and bioactive TGF-␤ (21). An extrinsic supply of Prdx6 or addition of a superoxide dismutase mimetic such as Mn(III) tetrakis(4-benzoic acid) porphyrin (MnTBAP), a known ROS inhibitor, hampers TGF-␤-induced ROS generation or morphological changes in Prdx6 Ϫ/Ϫ LECs (21), findings that suggest the potential involvement of TGF-␤ in phenotypic changes in Prdx6 Ϫ/Ϫ LECs (21). Several TGF-␤ target genes including ␣-and ␤-Tms, ␣-actinin1, and calponin2-encoding actin-binding proteins have been implicated in the assembly of stress fibers (7, 99) . Of these, Tms in particular have been shown to play a crucial role in stabilizing actin filaments (69) . TGF-␤ specifically upregulates expression of ␣-and ␤-Tm genes while not regulating Tm3 and Tm4 genes, which encode low-molecular-mass Tms (7, 99) .
Induction of Tm isoforms and stress fibers has been suggested to play an essential role in TGF-␤ control of cell motility and is necessary for TGF-␤ induction of stress fibers (7) . Of note, EMT and stress fiber formation of LECs were observed in anterior subcapsular fibrosis of human cataracts and posterior capsule opacity after cataract surgery (16, 65, 72) . Our findings regarding ROS-induced TGF-␤-mediated induction of Tm may thus be associated with cataractogenesis and posterior-capsular opacification after cataract surgery.
We previously demonstrated (41) that biologically active recombinant PRDX6 proteins bearing the protein transduction domain TAT can enter cells and offer protection from TGF-␤-or hydrogen peroxide-induced cell apoptosis, thereby enhancing cell survival. Furthermore, the applicability of this new approach has been demonstrated for inter-and intramolecular targeting of TAT-fusion proteins capable of modulating mitochondrial function and cell survival (41, 81) . Further study is required, however, before drawing hard conclusions.
In the present study, we used the proteomics approach with Prdx6 Ϫ/Ϫ -deficient cells as a model for aging or redox-active cells to show that Prdx6 is crucial for maintaining cellular integrity and regulating cell differentiation and proliferation. Prdx6 accomplishes this by stabilizing ROS levels and thereby normalizing gene expression, and its deficiency can attenuate normal physiological signaling, resulting in the failure of cell homeostasis due to overmodulated expression of genes or proteins. We also demonstrated that ROS-induced expression of TGF-␤ in LECs lacking Prdx6 is related to the upregulation of cytoskeletal proteins, Tms, and EMT of LECs. Regardless of the pathophysiological significance of Tm isoforms, the distinct pattern of Tm2␤ expression may prove useful as a clinical marker of LEC differentiation or of posterior capsule opacification or lens injury. Together, these observations clarifying the role of Prdx6 in regulating cytoskeleton proteins suggest the possibility of using Prdx6 delivery to prevent or delay the progression of cataractogenesis or posterior capsule opacifications.
